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derived factors revealed VEGF and TIMP-1 to be highly abundant factors secreted by hASCs. Notably, TIMP-1 secretion increased in the presence of islet stress from cytokine treatment, while TIMP-1 blockade was able to abrogate in vitro pro-survival effects of hASCs. Following systemic administration by tail vein injection, hASCs were detected in the pancreas and human TIMP-1 was increased in the serum of injected mice, while recombinant TIMP-1 increased viability in INS-1 cells treated with IL-1β, IFN-γ and TNF-α. In aggregate, our data support a model whereby factors secreted by hASCs, such as TIMP-1, are able to mitigate against β cell death in rodent and in vitro models of Type 1 diabetes through a combination of local paracrine as well as systemic effects.
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diabetes; adipose stem cells; pancreas; caspase; cellular proliferation; tissue regeneration Type 1 diabetes mellitus (T1DM) is a disease in which the insulin-secreting islet β cells are destroyed through a T cell mediated immune response. T1DM affects nearly 3 million individuals in the U.S. and is currently the third most common chronic health condition among American youth with an estimated annual cost of $14.4 billion [1] [2] [3] . Though the cause is unclear, the worldwide incidence of this disease is increasing at a rate of approximately 3% per year [4, 5] . Insulin therapy is able to regulate blood glucose levels within fairly narrow ranges, yet persons with T1DM are still at significantly increased risk of developing microvascular and macrovascular disease-associated complications [6, 7] . Transplantation of either whole pancreata or isolated islets is potentially curative, however organ availability limits the widespread application of these therapies. Furthermore, longterm rates of insulin independence from either method remain imperfect [8, 9] .
Stem cell-based therapies are being increasingly explored as a novel and potentially curative strategy for the treatment of T1DM. Methods to differentiate embryonic, induced pluripotent, or adult stem cells into engineered β cells are ongoing and offer the possibility of a renewable source of insulin producing cells [10] . In preclinical models, systemic or local administration of allogeneic or syngeneic adult stems cells, such as bone marrowderived mesenchymal stem cells (MSCs), have shown beneficial effects on the prevention or reversal of autoimmune and chemical-induced diabetes [11] [12] [13] . Recently, adipose stromal tissue has emerged as a promising source of MSCs with regenerative and potentially immunosuppressive characteristics. Adipose derived stem cells (ASCs) isolated from the stromal vascular fraction of fat are easily accessible through liposuction procedures. These cells can be expanded in vitro, and their procurement is associated with minimal patient risk. ASCs have been shown to aid in tissue repair in a number of disease models [14] [15] [16] [17] [18] . As companion cells in rodent transplantation strategies, ASCs promote islet graft survival and revascularization [19] . Recently, intraperitoneal administration of murine-derived ASCs to diabetic non-obese diabetic (NOD) mice also decreased hyperglycemia and insulitis through attenuation of the Th1 immune response and expansion of T regulatory lymphocytes [20] . While these reports support a therapeutic role for ASCs in T1DM, the precise human ASC (hASC)-derived factors responsible for these observed benefits remain largely unexplored.
Here, we tested the effect of systemically administered hASCs in immunodeficient mice treated with multiple low doses of streptozotocin (MLDS-STZ) with the goal of identifying key ASC-derived factors responsible for β cell specific beneficial effects. Human ASCs improved glucose homeostasis in STZ-treated mice through maintenance of β cell mass and increased β cell proliferation. In vitro, hASCs promoted human and mouse islet and INS-1 cell survival following prolonged culture and/or cytokine stress. To provide a mechanistic basis for these effects, factors liberated from hASCs in response to β cell stress were identified using multiplex assays and candidate-based approaches. Most notably, we have identified a novel role for tissue inhibitor of metalloproteinase 1 (TIMP-1) in ASC-mediated pro-survival effects.
RESEARCH DESIGN AND METHODS

Reagents
Human specific TIMP-1 and VEGF ELISAs were from Abcam (Cambridge, MA). Mouse and human IL-1β, IFN-γ and TNF-α were obtained from Invitrogen, (Carlsbad, CA). A function-blocking TIMP-1 antibody was obtained from AbD Serotec (Raleigh, NC). Recombinant human insulin was from Novo Nordisk (Bagsvaerd, Denmark), and recombinant active human TIMP-1 was from Millipore (Billerica, MA). D-Luciferin-K+ was from PerkinElmer (Waltham, MA), prepared in PBS to yield a final concentration of 20mg/ml (pH 7), and stored in individual light tight aliquots at −20 °C until use. Unless specified, all other chemicals were from Sigma-Aldrich (St. Louis, MO). Supplemental Table 1 contains a complete list of antibodies.
Animals and cell culture
Male immunodeficient NOD/SCID/gchain null (NOD/SCID) mice were from a breeding colony established at the Indiana University (IU) School of Medicine Laboratory Animal Research Center and maintained by the IU In Vivo Therapeutic Core within the Simon Cancer Center [21] . Male C57BL6/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) at 8 weeks of age. Animals were maintained under protocols approved by the IU Institutional Animal Care and Use Committee, the U.S. Department of Agriculture's Animal Welfare Act (9 CFR Parts 1, 2, and 3), and the Guide for the Care and Use of Laboratory Animals [22] . Mice were kept in pathogen-free conditions under a standard light-dark cycle with ad libitum access to chow diet and water.
At 8 weeks of age, NOD/SCID mice were injected intraperitoneally with 45 mg/kg STZ or PBS daily for 4 days. Intraperitoneal glucose tolerance tests (IPGTT) were performed as previously described using 2 mg/kg body weight of glucose delivered intraperitoneally [23] . Blood glucose concentrations were determined using an AlphaTRAK glucometer (Abbott Laboratories, Abbott Park, IL). Serum insulin levels were measured using an ultrasensitive mouse-specific ELISA (Crystal Chem, Chicago, IL). Pancreatic islets were isolated by collagenase digestion as described previously [24] . Human islets from 3 male and 2 female cadaveric non-diabetic donors were obtained from the Integrated Islet Distribution Program and cultured as previously described [25] . The average age of islet donors was 45.8 ± 3.9 yr (S.E.M). The average body mass index (BMI) was 32.9 ± 5.3 kg/m 2 .
Human ASCs from non-diabetic donors were isolated as previously described from subcutaneous adipose tissue obtained from liposuction procedures [26] . Monolayers of hASCs from 4 female donors were passaged when 60-80% confluent, and used between passages 2-4. The average donor age was 32.0 ± 3.2 yrs; the average donor BMI was 25.1 ± 3.8 kg/m 2 . Human ASCs were harvested with trypsin and resuspended in EBM-2/5%FBS media (Lonza, Allendale, NJ), at a final concentration of 2×10 7 cell per ml. STZ-treated NOD/SCID mice were anesthetized with 2.5% isoflurane and 100 μl of cell suspension or PBS was injected intravenously through the tail vein.
For tracking experiments, hASCs were transduced with GFP-expressing lentivirus as previously described [14] or a pCMV-VSVG luciferase-expressing lentivirus in EBM-2/5% FBS overnight, cultured for an additional 2 days, and injected into STZ-treated NOD/SCID/ gchain null mice. DNA from lung, pancreas, and hASCs was isolated using the DNeasy™ blood and tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's instruction. PCR was performed using human or mouse specific primers for TNF-α genomic DNA as previously described [27] . Injected hASCs were detected as a human specific band in lung and pancreata using primer pairs for human genomic TNF-α. Results were compared to those obtained using primers for the mouse genomic TNF-α sequence. Dynamic Bioluminescence Images (DBLI) were acquired using the Berthold NightOwl (Berthold Technologies, Oak Ridge, TN) outfitted with a 24W inductive header (Zoo Med Laboratories, San Luis Obispo, CA) and a custom anesthesia manifold. Prior to imaging, mice were shaved and depilitated with Nair (Church and Dwight, Princeton, NJ). Anesthetic induction was achieved with 2-4% isoflurane, and 150 mg/kg D-luciferin was administered. Mice were immediately transferred to the imager's heated stage (40±1°C), and imaged sequentially at 2 min intervals for 44 mins with image integration times of 120 sec/image. At the completion of the sequence, anatomical reference photos were acquired to permit generation of parametric image sets.
To provide visualization, segmentation, and time series quantification, DBLI and anatomical reference images were imported into the custom-developed software eLumenate® (Copywrite© 2010-2012, Paul R. Territo, Ph.D). Pseudo-colored parametric overlays of DBLI and anatomical reference images suitable for time series quantification were dynamically constructed for each animal, and regions of interest were segmented through time using the semi-automated Maximum Entropy region of interest (ROI) algorithm [28] and plugin in eLumenate®. The extracted time series were then analyzed for peak emission (Cmax) and time to peak emission (Tmax) with eLumenate's Peak Analysis plugin.
For co-culture experiments, mouse or human islets were placed on Millicell inserts with 1 μm pores (Millipore, Billerica, MA) with or without hASCs cultured at the bottom of 24-well plates. At indicated time points, islets were washed with PBS and stained using the Invitrogen Live/Dead Cell Viability Assay according to the manufacturer's instructions. Images were acquired on a Zeiss Z1 inverted microscope equipped with an Orca ER CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan). Following dissociation into single cell suspension, by gentle pipetting in Ca 2+ -free PBS supplemented with 0.025% trypsin/ EDTA, the percentage of dead cells was calculated using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA).
Supernatants from mouse and hASC co-culture experiments were collected at 2, 4, and 6 days and subjected to multiplex analysis using the Bio-plex® Pro Human Cytokine 27-Plex Assay (Bio-Rad Laboratories, Hercules, CA). Results were complemented with candidate based ELISA screens based on existing literature INS-1 cells (832/13) were cultured as previously described [25] and pretreated with TIMP-1 for 3h followed by treatment with IL-1β, IFN-γ and TNF-α for 48h.
β Cell Mass, immunohistochemistry and immunofluorescence analysis
Following euthanasia and intracardiac administration of 4% paraformaldehyde, pancreata and other selected tissues were rapidly dissected. β cell mass was calculated as previously described [29] . To assess proliferation, pancreatic sections from in vivo experiments were immunostained for insulin, phospho-histone H3 (PH3), and DAPI. Cells positive for both insulin and PH3 were determined to be PH3 positive β cells, and counted using Image J software. Staining for glucagon, insulin and DAPI in pancreatic sections was performed as previously described and stained cells were counted using Image J [30] . For tracking analyses, lung and pancreatic sections were immunostained for GFP and insulin. INS-1 cells were fixed in 4% paraformaldehyde and permeabilized with 0.05% Triton X-100 followed by immunostaining for PH3 or cleaved caspase-3.
Glucose-Stimulated Insulin Secretion
Approximately sixty human islets were co-cultured with ASCs, and glucose-stimulated insulin secretion (GSIS) was performed as previously described [31] . Insulin was assayed using the Coat-A-Count insulin solid-phase RIA (Siemens Medical Solutions, Malvern, PA). Insulin secretion was normalized to the total islet protein content.
Statistical analysis
Differences between groups were examined for significance with either the two-tailed Student's t test or one-way ANOVA followed by the Tukey-Kramer posttest using GraphPad Prism statistics software (GraphPad Software, Inc., San Diego, CA). A P value of <0.05 was taken to indicate the presence of a significant difference.
RESULTS
Systemic administration of hASCs improves glucose tolerance, islet morphology and β cell mass in STZ-treated NOD-SCID mice
To characterize the effects of hASCs on an in vivo model of hyperglycemia, NOD-SCID mice were treated with multiple low doses of STZ according to the timeline outlined in Fig  1A. Intraperitoneal glucose tolerance tests (IPGTTs) were performed on day 7 after the start of STZ administration (Fig. 1B) . Two groups of STZ-treated mice were evaluated prior to cell or control carrier infusion to ensure identical degrees of glucose intolerance, and PBS or 2 × 10 6 hASCs were administered via tail vein injection. Repeat IPGTTs were performed 17-20 and 35 days after STZ administration (Fig. 1C-D) . While both groups of STZ-treated mice exhibited significantly increased glucose excursions during IPGTT, hASC-treated mice demonstrated improved glucose tolerance compared to mice receiving STZ and PBS. At day 17-20, the glucose AUC was significantly lower in hASC-treated mice compared to mice that received STZ and PBS, and the effect was durable through day 35 (Fig. 1E) . STZtreated mice receiving hASCs also had significantly higher serum insulin levels after i.p. glucose injection compared to STZ-treated mice that received only PBS (Fig. 1F ).
Both STZ-treated groups demonstrated a marked disruption in the expected murine islet architecture [32] and had decreased β cell mass compared to controls ( Fig. 2A and F) . However, compared to mice receiving STZ and PBS, STZ+hASC-treated mice demonstrated a significant preservation of insulin staining and β cell mass (STZ+hASC; 1.69 ± 0.18 mg vs STZ; 0.79 ± 0.08 mg) ( Fig. 2A and E-F) . We next determined changes in islet α and β cell number ( Fig. 2B and F) . Similar to β cell mass results, the average number of β cells per islet was decreased after STZ treatment with a tendency towards increased β cell number with hASC injection (control; 111.3 ± 31.6 cells/islet vs STZ; 29.3 ± 7.1 cells/ islet vs STZ+hASC; 57.9 ± 7.2 cells/islet). In contrast, there was no significant change in α cell number across treatment groups.
β cell proliferation was assessed by co-staining pancreatic sections for insulin and PH3, which marks cells in the G2 and M phases of mitosis [33] . STZ+hASCs treated mice displayed a significantly higher number of PH3 positive β cells (double positive cells for PH3 and insulin) per islet compared to control and STZ-treated mice that received PBS ( Fig.  2C and G) . Moreover, STZ+hASC mice had a significantly higher percentage of PH3 positive β cells compared to controls that did not receive STZ ( Fig. 2D and G) .
Islet viability is improved by hASC co-culture
To investigate the ability of hASCs to support islet survival and function in vitro, C57BL6/J mouse islets exposed to hASC-conditioned media via a transwell system were stained using a live/dead assay after 6 days of co-culture. Fluorescent images demonstrated a decrease in red, ethidium homodimer-1 positive cells, indicative of decreased dead cells. A parallel increase in viable, calcein-AM positive green cells was noted in islets co-cultured with hASCs (Fig. 3A) . Following islet dissociation, these results were quantified using a fluorescent plate reader, confirming that hASCs improved mouse islet survival following prolonged culture (Fig. 3B) .
Characterization of the paracrine cross-talk between co-cultured islets and hASCs
Previous studies have shown that ASCs actively secrete of a number of cytokines and growth factors [34] , and secretion of these factors appears to be a critical component of the therapeutic effects of ASCs in other disease models [15, 16] . In order to determine the specific hASC-derived factors secreted in response to aging and stressed islets, supernatants from hASC and C57BL6/J mouse islet co-culture experiments were collected at day 2, 4, and 6 of co-culture and subjected to multiplex or ELISA analysis of specific human-derived factors. A number of human growth factors including IL-6, IL-8, IL-12, eotoxin, IP10, MCP-1, VEGF, and TIMP-1 were identified in supernatants from co-culture experiments (Supplemental Fig. S1 ). Notably, secretion of a subset of these factors, including IP10, eotaxin, VEGF, and TIMP-1 was increased with islet co-culture, suggesting the presence of paracrine cross-talk between islets and hASCs ( Fig. 3C-F) . Interestingly, TIMP-1, which in isolation has been shown to protect against cytokine and STZ-induced β cell death [35, 36] , was found to be the most highly enriched factor in co-culture supernatants. In mouse islet/ hASC co-cultures, human TIMP-1 levels were nearly 600-fold higher than VEGF, the second most enriched factor. Furthermore, TIMP-1 secretion from hASCs was increased approximately 1.5-fold in the presence of islets cultured ex vivo for 6 days. Complete results from the multiplex assay are shown in Supplemental Fig. S1 .
Similar results were observed when human islets were co-cultured with hASCs. While this experimental design did not allow us to definitively assay whether TIMP-1 was solely released from the ASC fraction, secretion of TIMP-1 into the supernatant was significantly increased after 6 days of co-culture with cadaveric human islets (Fig. 3G) .
In order to characterize TIMP-1 secretion patterns, independent of effects of islet co-culture, a time course analysis was performed using hASCs from 3 different human donors. Results demonstrated a rapid accumulation of TIMP-1 in the media, and levels continued to increase through 48h, at which point the concentration reached 1669 ± 273 ng/mg protein (Fig. 4A) . ASC supernatants were subjected to western blot analysis for verification and similar results were noted (Fig. 4B) . To determine what additional factors might lead to increased secretion of TIMP-1, hASCs were incubated directly with recombinant human insulin at concentrations of 1, 10, and 100 nM. No significant difference in TIMP-1 secretion was noted in the presence of insulin at any of the three tested concentrations (Fig. 4C) .
Pro-inflammatory cytokines stimulate TIMP-1 secretion from hASCs and TIMP-1 blockade abrogates the pro-survival effects of hASCs
We next sought to determine whether TIMP-1 secretion would be increased in the presence of the pro-inflammatory milieu that typifies T1DM. Human ASCs were treated with a combination of 10 ng/mL TNF-α, 100 ng/mL IFN-γ, and 5 ng/mL IL-1β. Treatment with the cytokine mixture significantly increased TIMP-1 secretion from hASCs ( Fig. 5A-B) . To assess β cell insulin secretory function, human islets were placed in the co-culture system and treated with INF-γ, TNF-α, and IL-1β. The insulin secretory index was significantly increased in cytokine-treated islets co-cultured with hASCs compared to cytokine-treated islets cultured alone. (Fig. 5C ).
We next tested whether TIMP-1 blockade would impact the ability of hASCs to support islet survival under T1DM conditions. Human islets and hASCs were co-cultured in a transwell system and treated with the combination of cytokines in the presence or absence of a TIMP-1 blocking antibody. Treatment with the cytokines increased expression of cleaved caspase-3, pJNK, and iNOS. Exposure to hASC-conditioned media significantly decreased cleaved caspase-3 activation within the islet fraction, while addition of the TIMP-1 blocking antibody partially blocked this pro-survival effect. In the presence of TIMP-1 blocking antibody, activation of cleaved caspase-3 was significantly increased compared to islets cultured with hASCs alone (Fig 5D-E) . Similar trends were noted with pJNK and iNOS, but these results did not reach statistical significance.
Systemically administered hASCs can be detected at low levels in the pancreas following STZ injection
To determine the extent to which our in vivo results might be attributed to either local or systemic effects of hASCs, tracking experiments were performed. Human ASCs were transduced with GFP-expressing lentivirus and injected according to the schematic outlined in Fig. 6A . Lung tissue was stained for GFP as a positive control. GFP positive cells were readily detected in lung in both immunohistochemistry (Fig. 6B ) and immunofluorescence analysis (Fig. 6C) . GFP positive cells were also found in the pancreata of injected mice three days after tail vein delivery of hASCs. The cells were seen less frequently in the pancreas compared to the lung, but GFP-positive cells were noted in both intraislet and extraislet locations. Confirming these findings, PCR analysis demonstrated the presence of human specific genomic DNA in samples from lung and pancreas of hASC-injected mice (Fig. 6D-E) . Although it did not reach statistical significance, the average human DNA ratio in lung was about 12.9-fold higher than that of pancreas (p=0.0531). Fig. 6F confirms that PCR primers for human and mouse DNA showed similar efficiency of amplification (slope of the curve were −3.51 vs −3.53).
As a second quantitative approach, bioluminescent imaging was performed 1 day after luciferase-expressing hASCs were administered to STZ-treated or untreated NOD-SCID mice. A strong signal was detected bilaterally in the lung region as would be expected from a tail vein injection strategy. A lower imaging signal was detected in the abdomen, which included the region of the pancreas (Fig. 6GH ).
To determine if there were additional systemic effects of hASCs, human TIMP-1 was measured in the serum following stem cell injection. Human TIMP-1 was undetectable in the serum of control NOD-SCID mice not injected with hASCs. However, serum human TIMP-1 levels rose to 20 ng/mL in STZ-treated mice who had received hASCs via tail vein injection (Fig. 6I) . Of note, human VEGF could not be detected in the serum (data not shown). 
DISCUSSION
Stem cells derived from the stromal vascular fraction of adipose tissue have been shown to harbor significant potential for tissue repair in wide variety of disease models including myocardial infarction, wound healing, emphysema, hindlimb ischemia, and hypoxia-induced neuronal damage [14] [15] [16] [17] [18] . A recent report also demonstrated an ability of mouse ASCs to prevent hyperglycemia and β cell death in diabetic NOD mice, an effect that was attributed to attenuation of the TH1 immune response and expansion of regulatory T cells [20] . Likewise, several groups have reported improved outcomes in pre-clinical models of islet transplantation following co-transplantation of islets combined with mouse ASCs. Analysis of these hybrid grafts showed enhanced graft revascularization, a finding consistent with the known role of ASCs to function as pericytes to support the growth of new blood vessels [19, 26] . To date, however, the specific ASC-derived factors responsible for their tissue repair and pro-survival effects, , in the context of the islet β cell have remained largely unexplored.
We tested the effect of systemically administered human ASCs in streptozotocin-induced diabetes in NOD-SCID mice. As anticipated, hASCs improved glucose homeostasis in STZtreated mice, preserved β cell mass, and increased β cell proliferation. Data from in vivo experiments were consistent with an hASCs to improve β cell survival and enhance regeneration of the β cell pool, without any impact on the islet α cell compartment. In vitro co-culture experiments using mouse islets and hASCs in a transwell system were performed to query specific ASC-derived factors released in response to β cell stress, resulting from either prolonged culture or pro-inflammatory cytokine treatment. Our studies revealed that several secreted factors were involved in the paracrine network established between ASCs and islets. In particular, we have identified a potentially novel role for TIMP-1 as a highly enriched hASC-derived factor that promotes β cell survival under inflammatory conditions. TIMP-1 is a member of the matrix metalloproteinase inhibitor (MMP) family and is recognized to regulate a variety of biological processes including cell growth, migration, and apoptosis. TIMP-1 has important MMP-dependent and independent actions. In other cell types, TIMP-1's MMP-independent effects to promote growth and inhibit apoptosis occur through activation of several different signaling pathways including P13K and PKA [37] . A limited number of studies have investigated the pro-survival effects of TIMP-1 in the β cell. A recent study showed that TNF-related apoptosis-inducing ligand (TRAIL) overexpression was able to decrease diabetes in NOD mice, and these effects occurred in parallel with increased TIMP-1 expression in islets [38] . Han et al. showed that TIMP-1 but not TIMP-2 was able to prevent cytokine-induced death and dysfunction in INS-1 cells, and TIMP-1 was found to reduce NF-kB activation in the presence of cytokines [36] . Notably, TIMP-1 overexpressing mice were also protected against STZ-induced diabetes. Following treatment with STZ at a dose of 40mg/kg/day for 5 days, TIMP-1 overexpressing mice had improved glucose homeostasis and preserved β cell mass. In agreement with our results, islets from these mice also exhibited increased β cell regeneration post-STZ [35] .
Together, these data suggest an important role for TIMP-1 in β cell survival under inflammatory conditions. However, few studies have examined the specific role of TIMP-1 in ASC-mediated reparative effects. Our data show that hASCs from multiple donors robustly produced and secreted TIMP-1, and in vitro data show that TIMP-1 blockade with a neutralizing antibody reduced ASC-mediated β cell survival following treatment with a cocktail of pro-inflammatory cytokines that included TNF-α, IFN-γ, and IL-1β. In addition, our data also demonstrate a direct effect of recombinant TIMP-1 to decrease INS-1 β cell death induced by this same combination of pro-inflammatory cytokines.
We acknowledge that it is unlikely that only one ASC-derived factor is solely responsible for our observed results. TIMP-1 blocking antibody only partially impacted activation of cleaved caspase-3, while direct incubation of INS-1 cells with TIMP-1 was unable to restore cytokine-induced reduction in proliferation. These results indicate a likely effect of other ASC-derived factors to promote β cell survival as well as regeneration/proliferation post-STZ. In vitro experiments revealed that ACSs also secreted high levels of VEGF, which is a potent pro-angiogenic factor in the islet. STZ is known to affect the integrity of islet microvasculature, and endogenous β cell regeneration from STZ also likely depends on recovery of this vasculature structure [39, 40] . Therefore, it is probable that ASC-derived VEGF aided outcomes in our study. In contrast to TIMP-1, we did not detect systemic elevations of VEGF, but this does not rule out the possibility that local intraislet levels were increased.
Interestingly, the pro-survival effects of hASCs observed in our study were seen in the context of a transwell system that was specifically selected to bypass cell-to-cell contact. This differs from both the Bassi et al. study and previous co-transplantation studies where immunomodulatory and pro-angiogenic effects of mouse ASCs were dependent on the direct contact of ASCs with immune cells or islets [19, 20] . While our tracking experiments demonstrated the presence of hASCs within the pancreas and islet, our results also showed enrichment of human TIMP-1 in the circulation of ASC-injected mice, suggesting benefits were likely derived from a combination of locally as well systemic effects.
Human ASC secretion of TIMP-1 as well as VEGF was potentiated in models where islets were stressed by either prolonged ex vivo culture or pro-inflammatory cytokines. The potential for cross-talk between adult stem cells and potential target tissues is important to consider as the field of regenerative medicine and regulatory agencies decide whether cellbased or factor-based strategies should be advanced. Our data demonstrates a dynamic interaction between the hASCs and stressed islets that ultimately impacted behavior of the hASCs. This same interaction may be difficult to recapitulate if only static, factor-based approaches are employed.
Both mouse and human adipose derived stromal cells have been exposed to in vitro differentiation strategies aimed at generating insulin-positive cells. Upon transplantation into diabetic mice, these insulin-producing cells have shown varying abilities to reverse STZinduced hyperglycemia in rodent models [41, 42] . Recent case reports have also tested similar strategies in humans with modest improvements in glycemic control and insulin secretion [43] . Directed differentiation of ASCs may occur in an in vitro context, however it seems a less likely contributor to the results observed in our study given the number of hASCs observed in the pancreas. Finally, our study focused on the effects of hASCs on β cell survival and function. While STZ is primarily a β cell toxin, previous studies suggest that STZ treatment may also induce a mild component of peripheral insulin resistance [44] , and we cannot rule out the possibility that hASCs also affected this parameter.
Several additional issues bear resolving prior to the implementation of ASCs as a potential clinical treatment for human diabetes. First, little is known about the effects of repeated passaging on ASC identity. Long-term culture has been shown to affect several aspects of ASC biology including their proliferative and trophic capacity [45, 46] . Variations related to donor differences are also important to understand. If cells are to be employed in an autologous fashion in diabetic individuals, then studies are needed to understand how diabetes per se affects the pro-survival and regenerative properties of ASCs. A key translational aspect of our study is that it was performed using human ASCs from 4 different donors. However, these individuals were young and non-diabetic with an average BMI of 25.1. While our results suggest that cytokines are capable of upregulating TIMP-1, a study by Cramer et al. demonstrated that elevated glucose enhanced senescence and apoptosis in hASCs [47] . From a safety perspective, however, ASCs appear to have low intrinsic ability for teratoma formation [48] . Still, resolution of the aforementioned concerns should remain a priority, especially given the growing frequency of stem cell tourism where offshore companies provide infusion of autologous ASCs for a variety of conditions without consistent testing of safety or efficacy [49] .
In conclusion, our results demonstrate that systemic administration of hASCs protects against STZ-induced hyperglycemia and loss of β cell mass. Notably, our studies describe a novel role for ASC-derived TIMP-1 in promoting β cell survival under in vitro proinflammatory conditions. Future studies are needed to determine the precise molecular pathways responsible for the beneficial effects of hASCs observed in vivo and to uncover whether there are donor-related differences in the ability of ASCs to support β cell survival in Type 1 diabetes mellitus.
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Tumor necrosis factor alpha
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Vascular Endothelial Growth Factor independent experiments. C-F: ELISA and multiplex analysis of factors secreted by hASCs after 2, 4, and 6 days of islet co-culture. Supernatant concentration of human IP10 (C), human eotaxin (D), human VEGF (E), and human TIMP-1 (F). hASC alone = •, hASC +C57BL6/J islets = ○, mouse islets alone = ■. Note, concentration of assayed factors is expressed as pg/mL except for TIMP-1, which is expressed as ng/ml. G: hASCs and human islets were co-cultured for 6 days in a transwell system. Supernatant concentration of human TIMP-1 was measured at day 1 and 6. *p<0.05 compared to hASCs cultured alone. Results are expressed as the means ± S.E.M. n=4 per group. Immunoblot of secreted TIMP-1 protein from hASCs treated with or without cytokines for indicated times. C: Human islets were cocultured with (hASC Co-Culture) or without hASCs (Control) for 48 hrs followed by treatment with TNF-α, IFN-γ, and IL-1β for 6hrs. Glucose stimulated insulin secretion was performed as described in Material and Methods. Results are expressed as the ratio of insulin secreted under high glucose conditions compared to insulin secretion under low glucose conditions. *p<0.05 compared to cytokine-treated islets cultured alone. D-E:
Human islets were co-cultured with or without hASCs for 48 hrs combined with either normal rabbit IgG or TIMP-1 neutralizing antibody followed by 24hrs of treatment with TNF-α, IFN-γ, and IL-1β. D: Immunoblots for iNOS, cleaved caspase-3, and phosphorylated JNK. Actin was used as a loading control. Results are representative of four independent experiments. E: Quantification of protein levels in each treatment group from four independent experiments. *p<0.05 compared to cytokine treatment without hASCs or TIMP-1 blocking antibody; # p<0.05 compared to cytokine-treated islets co-cultured with hASCs and without TIMP-1 blocking antibody.
